The photon-excited multipole plasmon and the bulklike plasmon modes have been studied in Na/Al͑111͒ and K/Al͑111͒. These collective modes appear for a coverage of у2 monolayers. Both the multipole and the bulklike plasmon modes exhibit interesting variations in frequency, line shape, and relative intensity with adlayer coverage. The reasons for such behavior are discussed on the basis of existing theoretical results. The substrate Al multipole plasmon is found to be attenuated by smooth adlayer growth. Deposition of K on two monolayer Na/Al͑111͒ results in the growth of K related collective excitation at the expense of the Na modes. For complicated surface structures like Al(111)-(ͱ3ϫͱ3)R30°:K or the Al͑111͒-͑2ϫ2͒:Na surface alloy, electron charge-density profiles at the surface are calculated based on ab initio density-functional theory-localdensity approximation method to explain the photoyield data. The importance of the shape of the chargedensity profile in determining the collective excitations is demonstrated. For Al(111)-(ͱ3ϫͱ3)R30°:K, a strong increase in intensity in the energy region of the K plasmons is observed in the on-top structure which is attributed to a ''mixed plasmon'' mode. These results show that while the experimental observations for smooth alkali-metal adlayers are in good agreement with existing theory, more theoretical work, especially for the complicated surface structures, is desirable.
I. INTRODUCTION
The investigation of electron collective excitations at metal surfaces is important for an understanding of the response of metals to an incident electromagnetic field.
1,2 Studies of the collective excitations are important for an interpretation of all surface spectroscopies that use electromagnetic fields or charged particles. It has been recently shown, for example, how surface screening effects can alter the line shape of the direct transition from the Ag͑111͒ s band. 3, 4 This shows that surface screening effects can influence the spectral line shape in angle-resolved photoemission. A strong modification of the photoemission line shape has been found in Li near its bulk plasmon frequency. 5 However, direct experimental evidence for the photon excited collective modes on metal surfaces are few, [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] and with only a few exceptions have dealt with clean surfaces, leaving out the interesting field of thin-metal films and adatom-induced surface structures. Monin and Boutry 12 and Walldén 13 studied the photoyield in alkali-metal films, but only a few have dealt with a detailed investigation of the emergence of the bulklike and multipole plasmons. Kim et al. 14 studied K layers using electron-energy-loss spectroscopy ͑EELS͒ and total photoyield and observed a peak at 0.8 p which was attributed to the multipole plasmon. Barman et al. 15 identified the multipole plasmon in Li adlayers, where the bulklike excitation is strongly dampened by the lattice potential. The collective excitations on the Al(100)-c(2ϫ2):Na surface alloy phase was studied recently by Barman et al. 16 The discovery of surface plasmons by Ritche in 1957 ͑Ref. 17͒ marked the beginning of the exciting field of plasmon excitations on surfaces. 18 Using the Maxwell boundary conditions at a sharp metal-vacuum interface, the condition for the existence of the surface plasmon turns out to be ⑀ϭϪ1. Assuming the Drude dielectric response ⑀͑͒ϭ1Ϫ p 2 2 the frequency of the surface plasmon ( s ) is given by s ϭ p /ͱ2. The surface plasmon is an oscillating sheet of charge on the metal surface. But in the direction perpendicular to the surface (z direction͒ the charge distribution is a simple peak, i.e., it has a monopolar character. 1, 19 On the contrary, there can be higher oscillation modes on the surface whose charge distribution in the z direction can have a node, i.e., of dipolar or multipolar form. This is the multipole plasmon mode ( m ) which exists on metal surfaces. 1, [19] [20] [21] [22] [23] [24] [25] Unlike the Mie plasmons for small metal particles, 26 the multipole surface plasmon cannot be explained by the classical Fresnel theory. The deviation from the Fresnel field is given by the d parameters.
1 d Ќ () represents the centroid of the screening density induced by a uniform field oriented normal to the surface and is given by
total surface photoyield is proportional to Im d Ќ (). Parallel to the surface, both the surface and the multipole plasmons propagate like plane waves with alternate positive and negative regions. Thus along the surface both the modes are dipolar in nature. The surface plasmon has a negative dispersion at small q while the multipole plasmon has a positive dispersion. 7 Also, while the multipole and the surface plasmon exist at the surface of an adlayer, the bulklike plasmon mode in an adlayer is the analog of the antisymmetric collective excitation of a finite slab and it is spatially confined to the adlayer. 28 The response of a metal surface to the electromagnetic field is characterized by a rapid variation of the electric field at the metal surface when the incident frequency is between the surface ( s ) and the bulk ( p ) plasmon frequency. 2, 29 As a result, the ٌ•A term in the photoemission matrix element M i f ϭ͗ f ͉A•ٌϩٌ•A͉ i ͘ can actually dominate the photocurrent, and lead to a large enhancement of the photoyield. In a combined theoretical and experimental study, Levinson et al. 6 observed a strong enhancement of the photoyield at about 0.8 p and attributed it to the ٌ•A term on the basis of self-consistent field calculations within the random-phase approximation. Only much later, after Tsuei et al. 7 had identified an additional collective excitation with an energy between s and p which they attributed to a multipolar mode m , did it become clear that this multipole surface plasmon is responsible for the photoemission yield enhancement for frequencies between s and p . The existence of a higher-order plasmon mode on metal surfaces, and its dependence on the charge-density profile was originally proposed by Bennet 20 based on a hydrodynamic model calculation. In this model, the bulk charge density was assumed to decrease linearly at the surface over a distance d. Bennet found that for sufficiently large d, multipole plasmon modes appear between the surface and the bulk plasmon. Eguiluz et al. 21 showed that the net charge of the multipole plasmon perpendicular to the surface integrates to zero at all points of the surface. Inglesfeld and Wikborg 22 found a multipole excitation induced in a jelliumlike surface charge-density profile. Forstmann and Stenschke showed, on the basis of hydrodynamic calculations, that the consideration of longitudinal plasma waves at the metal boundary indeed leads to the increase in photoyield. 30 In recent years theory, based on the random-phase approximation ͑RPA͒ or the time-dependent local-density approximation ͑TDLDA͒, has made considerable progress in the understanding of the collective excitations and in its predictive capability for simple metal surfaces and adlayers. 1, 27, [31] [32] [33] [34] [35] [36] The frequency dependence of the optical response in alkali-metal thin films has been studied by Liebsch using jellium-based TDLDA calculations. 31 In these calculations, the relevant quantity that has been compared to experiment is the imaginary part of d Ќ (͒, which is proportional to the total photoyield, as discussed earlier. The existence of the clearly defined adlayer plasmons was related to the formation of a well-defined charge-density plateau corresponding to the alkali-metal adlayer. For one-monolayer coverage the plasmon modes are broadened and cannot be separately observed, while for submonolayer coverage a different threshold excitation mode was postulated. 33 Smooth adlayers provide a means of investigating the evolution of collective excitations with film thickness. Since the thin films exhibit the multipole surface plasmon and also carry the bulklike plasmon excitation because of the reflection barrier both at the vacuum and the thin-film-substrate interface, one can examine the relative strength of these excitations and the influence of the film and the substrate on these modes. Nearly free-electron metals like Na, K, and Al are ideal for such studies, since the collective electronic excitations are not affected by the lattice potential. 15 The films of Na and K are particularly useful since they represent quasi-two-dimensional electron gases whose thickness can be varied over a wide range. Moreover, the alkali metals deposited on Al͑111͒ at room temperature form complicated surface structures, including the recently identified Al͑111͒-͑2ϫ2͒:Na surface alloy phase. 37, [39] [40] [41] [42] Potassium forms a Al(111)-(ͱ3ϫͱ3)R30°:K structure where the K atoms, depending on the deposition condition, can occupy either ontop or substitutional sites. 41, 43, 44 These substitutional and surface alloy structures modify the shapes of the substrate Al charge-density profile and are expected to affect the substrate Al͑111͒ multipole plasmon.
In this paper we study the photon-excited collective modes in Na and K films deposited on Al͑111͒ using the method of angle-and energy-resolved photoyield ͑AERPY͒ spectroscopy. Some results for Li/Al͑111͒ are also discussed for comparison. The nature of the collective excitations ͑multipole and bulklike plasmons͒ in the adlayer thin films are discussed. The substrate Al͑111͒ multipole excitation around 13 eV and its dependence on adlayer growth is studied. Although there are a few studies on alkali-metal thin films, their effect on the substrate collective excitations to the best of our knowledge does not exist in the literature. We investigate the changes in frequency, full width at half maximum ͑FWHM͒, and intensity of the alkali-metal collective excitations as a function of smooth adlayer coverage. The suppression ͑growth͒ of the Na ͑K͒ plasmons by the growth of K layers on Na/Al͑111͒ is discussed to demonstrate how the susbtrate collective excitations are damped by the adlayer. In addition to the relatively simple situation of smooth adlayer growth, we study the complicated surface structures that are formed on alkali-metal deposition on Al͑111͒. The motivation is to study how the collective excitations ͑of both adlayer and substrate͒ are modified due to changes in the surface charge-density profiles of these surface structures. For example, in the case of K/Al͑111͒ two kinds of Al(111)-(ͱ3ϫͱ3)R30°:K phases are formed, where the K atoms occupy the substitutional or the on-top sites, though the symmetry remains the same. The recently identified Al͑111͒-͑2ϫ2͒:Na surface alloy phase, where the top three layers form a Na-Al-Na sandwich, has also been studied.
It should be noted that in electron-energy-loss spectroscopy ͑EELS͒ experiments, due to the presence of dominant surface plasmon excitation, the multipole plasmon signal is often difficult to observe. For example, the Al multipole plas-mon could not be seen by EELS, while it is clearly detected by photoyield measurements. 6, 8 Moreover, due to the nonanalytic dispersion of the plasmon modes near qϭ0, EELS is not an appropriate technique to study the plasmon modes in the long-wavelength limit.
14 Since the photon carries almost zero momentum, photoyield based techniques are best suited in this regime. The additional advantage is that, unlike EELS, the dominant surface plasmon is not excited by the photons and the weaker surface modes like the multipole plasmon can be clearly observed.
The outline of the paper is as follows. In Sec. II the experimental procedure is described. The results and discussion section ͑Sec. III͒ is divided into three subsections which describe ͑i͒ the collective excitations in smooth alkali-metal adlayers, ͑ii͒ the influence of smooth adlayer growth on substrate collective excitations, and ͑iii͒ the influence of adatom induced surface structures on the adlayer and substrate collective excitations. The conclusion is given in Sec.IV.
II. EXPERIMENT
The measurements were performed at the BerlinerElektrononen-Speicherring-Gesellschaft-für-Synchrotronstrahlung ͑BESSY-I͒ with the 1-m Seya Namioka monochromator equipped with two spherical gratings. The experiments were performed using a commercial angle-resolved electron spectrometer ͑ADES400 from VG, U.K.͒ at a base pressure of 6ϫ10 Ϫ11 mbar. An electropolished Al͑111͒ crystal was cleaned by repeated cycles of sputtering using 0.5-1-KeV Ne atoms and subsequent annealing to regenerate surface order. The surface order was monitored using low-energy electron diffraction ͑LEED͒ and a sharp ͑1ϫ1͒ LEED pattern was observed for the clean surface.
The adlayers were prepared by depositing the alkali metals over the clean Al͑111͒ substrate at 100 K ͑for smooth adlayer growth͒ and at room temperature ͑for surface alloy related phases͒. Well-degassed alkali-metal dispensers ͑SAES getters͒ were ohmically heated and the pressure inside the chamber remained below 3ϫ10 Ϫ10 mbar during deposition. Coverage was calibrated on the basis of existing data on the variation of the work function, 42 core level line shape in K layers and for thicker layers by deposition time. A layer by layer growth was established and the surface roughness was negligible since the surface plasmon was not observed. We define one monolayer ͑ML͒ in terms of a fully occupied ͑110͒ plane of the alkali-metal bulk crystal. Then, in terms of the number of atoms in the Al͑111͒ plane ͑⌰ϭ1͒ the corresponding coverages for one full layer are: ⌰ϭ0.45 for K and ⌰ϭ0.53 for Na. For deposition at 100-K substrate temperature ͓low-temperature ͑LT͒ deposition͔, the Na/ Al͑111͒ system initially exhibits a LEED pattern with a 4 3 ϫ 4 3 symmetry. At higher coverages the growth is epitaxial with a low background hexagonal 1ϫ1 pattern. For K/Al͑111͒, a (ͱ3ϫͱ3)R30°structure is initially formed with the K atoms occupying the on top sites, which turns to a nonepitaxial growth for high coverages. The on-top Al(111)-(ͱ3 ϫͱ3)R30°:K structure was obtained by deposition of K at 100 K, and the substitutional Al(111)-(ͱ3ϫͱ3)R30°:K structure was formed by subsequently heating up to room temperature. For the room-temperature deposition of Na, the Al(111)-(ͱ3ϫͱ3)R30°:Na structure is initially formed at ⌰ϭ0.33, and on futher deposition the Al͑111͒-͑2ϫ2͒:Na surface alloy phase is formed at ⌰ϭ0.5. Interestingly, even after reaching the ͑2ϫ2͒ phase further deposition of Na was possible which resulted in very faint ͑2ϫ2͒ spots, beyond which no further Na could be deposited.
We have performed the experiments using the angle-and energy resolved photoyield ͑AERPY͒ technique 6, 8 by recording intensity at binding energies near E F as a function of h in the constant initial state ͑CIS͒ mode in the normal emission geometry. The energy resolution was 0.1-0.2 eV in the studied energy range and the angular resolution was 3°. The advantage of AERPY ͑where the photoyield from the Fermi level is measured at normal emission͒ over total yield measurement is that it does not have a contribution from inelastically scattered secondary electrons, which is difficult to analyze and may also depend on surface quality and sample preparation history. The p-polarized photons from the synchrotron ring were incident on the sample at 45°to the surface normal. Energy distribution curves ͑EDC's͒ in normal emission as a function of photon energy were also recorded, and the intensity at E F was plotted as a function of photon energy to give the AERPY spectra. However, since this method is more time consuming and the alkali-metal layers are highly prone to contamination, the former approach of recording AERPY spectra in the CIS mode have been followed. The AERPY data were collected at binding energies 0.1 eV ͑K͒ and 0.3 eV ͑Na͒ below E F .
The spectra have been normalized with respect to the incident photon flux which shows characteristic variation for the two different gratings. The photon flux was monitored simultaneously with the CIS spectrum by recording the photocurrent induced in a Au mesh with 95% transmittance in the path of the photon beam. However, since the gold yield goes to zero below its work function, the photon flux was also recorded using a GaAsP diode which is sensitive down to about 2 eV. The AERPY spectra were corrected for the variation of the analyzer transmission function with electron kinetic energy as well as for higher-order light. Even though the spectra are not normalized in absolute terms, they can be compared to each other on the same intensity scale.
III. RESULTS AND DISCUSSION

A. Collective excitations in smooth alkali-metal adlayers
Na related collective excitations are clearly observed on the Al͑111͒ substrate and they show an interesting dependence on the adlayer thickness ͑Fig. 1͒. The substrate Al͑111͒ spectrum is essentially flat, with a weakly rising intensity towards the work-function cutoff at 4.8 eV. With deposition of 0.5-ML Na at low temperature ͑100 K͒, there is an initial decrease in the work function ͑⌬ϭ1.5 eV͒ resulting in a shift of the cutoff to 3.3 eV. This shift is consistent with the reduction of the work function induced by the adsorption of Na on Al, 42 which reaches a minimum at Ϸ0.5 ML. The difference between the clean and 0.5-ML spectra is a gradual increase of intensity in the latter as the photon energy decreases from 6 to 3.3 eV. At 1.0-ML coverage, a weak feature around 5.3 eV is observed. As the second layer starts to build up, this feature shows a dramatic increase in intensity and develops into a well defined peak at 5.3 eV while another peak appears at 4.5 eV. We attribute the peak at 4.5 eV to be due to the multipole plasmon excitations at the adlayervacuum interface, while the 5.3-eV peak is due to a bulklike plasmon mode in the adlayer. 33 With increasing coverage, the ratio of the bulk to multipole plasmon intensity decreases and this trend continues up to the highest coverage that we have studied.
The growth of the K collective excitations as function of layer thickness is shown in Fig. 2 . For one-monolayer coverage, since the ground-state charge density is not diffuse enough the adlayer bulk and multipole plasmon modes are heavily broadened, and a mixed plasmon peak appears around 3 eV, as shown by previous TDLDA calculations. 33 Beyond 1 ML a shoulder occurs at 3.5 eV, which at 2 ML's develops into two well defined peaks at 3.2 and 3.6 eV, corresponding to the multipole and the bulklike plasmon modes, respectively. 15 The work-function cutoff for K layers is smaller than the lowest energy that can be reached by the monochromator and hence not seen in the spectra. With increasing coverage the bulk plasmon mode clearly decreases in intensity, and for the highest coverage ͑40 ML's͒ it is almost fully suppressed and a weak feature above p at 4 eV is observed. A feature around a similar relative frequency (1.05 p ) has been observed for Al͑111͒ ͑the weak feature at 16 eV in Fig. 6͒ and has been attributed to excitation of longitudinal bulk plasmons (у p ) with qу0. 8 We compare in Fig. 3 the Na/Al AERPY data for 0.5-, 1-, and 2-ML coverages with the results of TDLDA calculations. 31, 33 The calculations have been performed both for jellium adlayers and realistic alkali-metal overlayers on semi-infinite jellium representing the Al substrate. In the realistic calculation, the alkali-metal cores are represented by norm-conserving pseudopotentials and the ground state is calculated within the local-density approximation of the density-functional theory ͑DFT͒. The dynamical response to the incident electric field is calculated within TDLDA. The total photoyield is calculated by evaluating Im d Ќ () and this is compared with the experimental AERPY data. For an adsorbate double layer, the observation of the bulk and multipole plasmon modes provides an experimental verification of the theory. In order to compare the line shape, the theoretical spectra for 2-ML coverage are shifted to lower energy by 0.5 eV to match the experimental bulk-plasmon peak at 5.3 eV. The line shape as well as the relative intensity are in good agreement with theory. However, the experimental FWHM of 0.5 and 1.2 eV for multipole and bulk plasmons, respectively, for 2-ML coverage are slightly underestimated by TDLDA ͑0.4 and 0.8 eV, respectively͒. 33 This is probably due to mechanisms such as electron scattering due to defects and steps on a real surface, or damping due to interband transitions which are not considered in the theory. The over- estimation of the plasmon frequency by 0.5 eV is probably due to the polarization of the core electrons which tend to screen the plasmon oscillations. 45, 46 For 1-ML coverage, there is no well defined charge-density plateau corresponding to the adlayer and the substrate-adsorbate and the adsorbatevacuum interfaces are not clearly defined. Hence the bulk and the multipole plasmon modes become heavily broadened due to the coupling with electron-hole pairs, giving rise to a broad peak in the threshold region. 33 The experiment exhibits a rising intensity towards the work-function cutoff corresponding to this mixed plasmon mode. The weak feature at 5.3 eV is related to the onset of the bulk-plasmon peak, possibly due to double layer formation in some parts of the surface. In the submonolayer region ͑for example 0.5 ML in Fig. 3͒ , an increasing intensity towards the work-function cutoff is observed in the experiment. Im d Ќ () also shows a similar behavior. This enhancement has been assigned by Ishida and Liebsch to a different type of collective excitation called the threshold excitation. 33 These authors showed that the threshold excitation is a consequence of the screening of the total effective potential (⌽ sc f ) on the substrate side of the adlayer and a higher cross section of electron-hole excitations at around hϭ⌽. In fact, it is interesting to note that if ⌽ sc f is replaced by the unscreened external potential in the expression for Im d Ќ (), the excitation spectra at all the coverages for which calculations have been done are smooth curves without any features. Thus the bulk and the multipole plasmon as well as the threshold excitation mode arise due to the dynamical screening of the external electric field in the adlayer.
In order to find whether the relative intensity, position, and width of the adlayer plasmons exhibit a systematic variation with coverage, we have simulated the experimental spectra in Fig. 1 with two Voigt functions ͑corresponding to the bulk and multipole plasmons͒ and a flat background, using a least-square minimization routine. The choice of the Voigt function line shape gave better fits than either a purely Lorenzian or a Gaussian function. Both the Lorenzian as well as the Gaussian component of the Voigt function linewidth were varied during the fitting. The least-square minimization is done over a restricted energy range ͑4 -6.5 eV͒ where the plasmon intensities mostly contribute. For example, below 4 eV ͑which is roughly the inflection point͒ the threshold excitation can alter the line shape. No theoretical results exist on the line shape variation of the photon excited adlayer plasmons.
Representative fits for three different coverages ͑1.5, 5, and 52 ML's͒ with the bulk-and multipole plasmon components are shown in Fig. 4͑a͒ . The bulklike plasmon is dominant at the onset ͑1.5 ML's͒, but its width and intensity decrease at higher coverages. The width of the multipole plasmon, on the other hand, increases with coverage. The variation of the bulk-and multipole plasmon energy, the ratio of the bulk to multipole plasmon peak area, and the full width at half maximum ͑FWHM͒ as a function of coverage are shown in Fig. 4͑b͒ . The bulk-plasmon energy exhibits a blue shift from 5.3 to 5.7 eV up to a coverage of about 5 ML's, beyond which a gradual redshift to ϳ5.5 eV is observed. It should be noted that this value is close to p for bulk Na from previous optical studies ͑see, for example, Table V of Ref. 12͒. This shift is larger than the error bar ͑Ϯ0.1 eV͒ which has been estimated from the scatter in the peak position for the same coverage in different measurements. The multipole plasmon also exhibits a blue shift The ratio of the total areas under the bulk and multipole plasmon peaks and the variation of their FWHM are shown in the middle and lower panel of Fig. 4͑b͒ , respectively. Although the bulk plasmon is most intense at the onset ͑1.5-2 ML's͒, its width ͑i.e., FWHM͒ and intensity ͑i.e., area under the peak͒ decrease with coverage, whereas the multipole plasmon width and intensity increase. Thus a steep decrease of the intensity ratio is observed up to about 5 ML's, beyond which the decrease is gradual. For the highest coverage, the multipole plasmon is more than four times as intense than the bulk plasmon. There is an initial increase in the multipole plasmon width from 0.5 to 1.4 eV, while the bulk-plasmon width decreases from about 1.2 to 0.5 eV in the range of 1.5-5-ML coverage. A comparison of the spectra and the component bulk-and multipole plasmon line shapes ͓Fig. 4͑a͔͒ between 1.5 and 5 ML's shows that the higher energy tail of the bulk plasmon in the former extends to almost about 8 eV in contrast to the latter. This indicates that the bulk plasmon is indeed narrower in the 5-ML spectrum, as shown by the results of the fitting exercise. Beyond about 5 ML's, the multipole and bulk-plasmon FWHM's do not vary significantly, their values being 1.4 and 0.5 eV, respectively.
The fit to the AERPY spectra in K/Al͑111͒ for 1.5-, 3-, and 16-ML coverage are shown in Fig. 5͑a͒ . As in the Na layers, the spectra are fitted with two Voigt functions, corresponding to the multipole and the bulk plasmon, using a least-square fitting procedure over the energy range of 2.8 -4.3 eV. The variation of the plasmon frequencies, the bulk to multipole plasmon intensity ratio and the plasmon FWHM's as a function of coverage are shown in Fig. 5͑b͒ . The shift of the K plasmon frequencies is quite similar to that of the Na layers. Both K bulk and multipole plasmons exhibit a blue shift up to about 5 ML's beyond which a gradual redshift is observed. The bulk plasmon shifts from 3.55 to 3.8 eV for the coverage range of 1.2-4 ML's and finally to 3.6 eV for the thickest coverage ͑40 ML's͒. The multipole plasmon follows the bulk plasmon with an initial blue shift from 3.1 to 3.4 eV and then a redshift back to 3.1 eV for the thick layers. For a thick K layer, the frequency of the multipole plasmon from EELS measurements is 3.2 eV at q ʈ ϭ0.03. 7 The K multipole and bulk-plasmon frequencies ͑3.15 and 3.65 eV, respectively͒ at 2-ML coverage are in agreement with recent total photoyield measurements at the same coverage. 14 The ratio of the K bulk to multipole plasmon intensity ͓middle panel in Fig. 5͑b͔͒ decreases steeply up to about 5-6 ML's and shows a subsequent gradual decrease up to the highest coverage where it is nearly zero because of the almost complete attenuation of the bulk plasmon. The FWHM of the multipole plasmon ͓lower panel in Fig. 5͑b͔͒ shows an initial increase from about 0.35 to 0.65 eV, whereafter at higher coverages it does not further change. The bulkplasmon FWHM, on the other hand, decreases from 0.7 to 0.3 eV over the studied coverage range. The relative changes in the intensity and width of the plasmons can be seen in Fig.  5͑a͒ . For example, between the 1.5-and 3-ML spectra, the multipole plasmon clearly increases in width. Although the bulk-plasmon peak height is higher in the 3-ML spectrum, the multipole plasmon has a larger weight due to an increased FWHM. For the 40-ML spectrum, the bulklike plasmon is almost fully suppressed; however, the multipole plasmon has an asymmetric higher energy tail which is probably due to the remnant adlayer bulklike plasmon appearing at 3.6 eV, as shown from the fitting.
The collective excitations for both Na and K adlayers thus behave similarly. In both cases, with increasing thickness there is an initial blue shift of the plasmon frequency up to about 5 ML's beyond which a redshift is observed. The origin of the redshift can be related to the dispersion of the bulk plasmon with wave vector q. The bulk plasmon mode is the analog of the antisymmetric collective excitation of a finite slab. 28 A recent calculation 15, 36 of the induced charge density for two and three layers of Li on Al at hϭ p shows that it oscillates with a wavelength somewhat larger than the interlayer distance. Similar results have been obtained for two layers of K on Al.
14 These results show that the bulkplasmon mode corresponds to a standing wave extending across the entire layer. For suspended thin films, bulkplasmon resonances have been predicted for у p with Ќ ϭ2a/n, where Ќ is the wavelength of the plasmon perpendicular to the surface, n is an odd positive number, and a is the thickness of the layer. 47 Such higher-order modes were experimentally detected as weak features in K films grown on quartz by differentiating the total yield with photon energy. 48 These resonances follow a quadratic dispersion given by
where ␣ϭ0.6⑀ F / p . 1 The bulk-plasmon resonance that we observe at p should also exhibit a similar dispersion with q, FIG. 5 . ͑a͒ A least-squares fit to the experimental K/Al AERPY spectra ͑open circles͒ for 1.5-, 3-, and 16-ML coverage. The thick line corresponds to the total fitted spectrum, while the dot-dashed and the dashed lines show the multipole and the bulk-plasmon components, respectively. ͑b͒ The variation of the plasmon frequencies ͑upper panel͒, the bulk to multipole plasmon area ratio ͑middle panel, open squares͒, and the FWHM ͑lower panel͒ of the K multipole ͑open circle͒ and bulk plasmon ͑filled circle͒ are shown as function of coverage. Solid lines serve as a guide to the eye.
i.e., as q decreases the frequency should decrease. Thus, with increasing thickness of the adlayer, the wavelength of the plasmon mode increases, resulting in the redshift of the bulkplasmon frequency. Moreover, in agreement with the present experimental data, a hydrodynamic calculation for the metalllic adlayer/substrate system showed a redshift in the frequency of the longitudinal plasmon modes in the adlayer with increasing thickness. 49 It should be noted that we do not observe the higher-order modes above p , nor are they predicted by the TDLDA calculations 33 for the alkali metal/Al system probably because of the larger damping of the plasmon modes at the alkali-metal-Al interface.
The reason for the observed blue shift in the lower coverage region is probably related to the smooth density profiles at the adsorbate-vacuum and the adsorbate-substrate interfaces which would lower the true bulk-plasmon frequency.
1 This effect will be more pronounced at lower coverages and decreases with the increasing thickness of the adlayer. In fact, the experimentally observed negative dispersion of the surface plasmon at small q ͑р0.15 Å͒ has been shown to be related to the smooth surface density profile. 35 The blue shift of the bulklike plasmon observed here is due to its lower frequency at onset coverage ͑2 ML's͒ and a subsequent increase in frequency as the layer thickness increases and the adsorbate interface effect becomes negligible.
Although the multipole plasmon exists only at the surface, it exhibits a similar dispersion with layer thickness as the bulk plasmon, and this shows that these two modes in the adlayer are coupled. In fact, from a large body of available literature, in the retarded qϳ0 limit, the multipole plasmon has been found to occur at ␤ p independent of the charge density, with ␤ roughly around 0.8. The physical reason for the dependence of m on p , which is independent of the electron density, is not fully understood. 1 However, the value of ␤ is of importance from a theoretical point of view since calculations based on the random-phase approximation ͑RPA͒ give a higher value of ␤ compared to TDLDA. For K, for example, TDLDA predicts ␤ to be 0.82, while RPA gives a value of 0.89. 27 We find for the K layers 0.86р␤р0.89, and for the highest coverage ␤ϭ0.87 which is closer to the value predicted by RPA. For Na layers, we find 0.8р␤р0.89, the value at the highest coverage being 0.86. In the case of clean Al, the multipole plasmon occurs around 13 eV, which corresponds to a ␤ value of 0.85. Thus, for the nearly free-electron metals, our results indicate that on an average the multipole plasmon occurs around 0.85 p which is somewhat higher than the generally accepted value of 0.8 p . In real metals, p is probably reduced by the core polarization effect, which causes an overall lowering of the bulklike plasmon frequency. 1 The multipole plasmon, on the other hand, being located at the surface, is less affected by the core polarization effect and its frequency is not lowered with respect to p leading to an increase in ␤.
The FWHM of the adlayer bulklike plasmon decreases with increasing coverage ͓Figs. 4͑b͒ and 5͑b͔͒. While no quantitative calculations exist, a plausible reason for this behavior could be that the bulk plasmon couples less with the excitations at the adlayer-substrate and the adlayer-vacuum interface as the thickness increases. Thus the possible decay channels are reduced, resulting in its narrowing. The multipole plasmon, being located at the surface, will decay via excitations at the adlayer-vacuum interface which are evidently enhanced since its width increases with coverage.
The physical origin of the adlayer bulklike plasmon is the coupling of the transverse electromagnetic field and the longitudinal fields at the adlayer substrate region, and should occur quite generally at interfaces between media. 50 The bulk-plasmon standing waves in the adlayer are set up due to reflection of the plasmon wave at the substrate-adsorbate and the adsorbate-vacuum interface. With increasing adlayer thickness, the electrostatic coupling between these two interfaces decreases, leading to reduction of the bulklike plasmon intensity. We indeed find from Figs. 4͑b͒ and 5͑b͒ that the ratio of the bulk to multipole plasmon intensity decreases with coverage for both Na and K adlayers. For semi-infinite surfaces, it has been theoretically shown that the surface photoabsorption is given by
where the prefactor is related to the Fresnel field. Since the surface photoyield vanishes at p , the decrease in the adlayer bulklike plasmon intensity with coverage is consistent with the theoretical expectation. In the case of K, at 40 ML's the adlayer bulk plasmon ͑at 3.6 eV͒ is almost fully suppressed, and a weak minimum at 3.9 eV is observed ͑see Fig.  2͒ . This dip can be regarded as the signature of the vanishing photoyield at the bulk-plasmon frequency for the semiinfinite solid as also seen for clean Al ͑see Fig. 6͒ .
B. Influence of smooth adlayer growth on substrate collective excitations
We now turn to the question of what happens to the substrate collective excitation as a function of adlayer thickness. The AERPY spectrum for a clean Al͑111͒ substrate exhibits a peak at 13 eV ͑Fig. 6͒, which is related to the multipole plasmon excitation at the surface. At the bulk-plasmon frequency ͑ϳ15 eV͒, a minimum occurs because of the vanishing surface photoabsorption, as discussed earlier. The weak feature above p at 16 eV is related to the excitation of the longitudinal plasmon with qу0 as discussed elsewhere. 8 We show in Fig. 6 a series of AERPY spectra for ͑a͒ Na/Al͑111͒ and ͑b͒ K/Al͑111͒ for the photon energy range corresponding to the Al multipole plasmon. For both systems, we find that the Al multipole plasmon is suppressed in intensity with increasing alkali-metal coverage, and by 4 -5 ML's is almost fully attenuated. Although the Al multipole intensity decreases with adlayer growth, its position remains unchanged and there is hardly any change in the line shape. The feature around 18.5 eV in Fig. 6͑b͒ arises from the K 3p related M 2,3 -VV Auger transition moving through E F as the photon energy is changed. No other collective excitations corresponding to charge densities between Al (r s ϭ2.0) and Na (r s ϭ3.93) or K (r s ϭ4.86) appear in the spectra. The rising intensity in Fig. 6͑a͒ around 6 eV is due to the Na plasmons.
For a coverage of up to two adlayers, the substrate Al multipole plasmon, although attenuated, still exhibits substantial intensity. This is surprising because it is generally accepted 1 that the multipole plasmon excitation occurs at the substrate-vacuum interface, which in this case no longer exists due to alkali-metal adlayers. To understand this effect, we note that in the photon energy region where the Al multipole plasmon is excited, the Na ͑K͒ layers are fully transparent. Thus, even in the presence of the alkali metal layer, the Al charge density tries to screen the incident electromagnetic field as in the clean metal, and in this process sets up the multipole plasmon oscillation. The existence of the Al multipole plasmon up to about 2 ML's of alkali-metal growth is significant because it shows that the multipole plasmon can also exist as an interface plasmon, although diminished in intensity. The present observation is supported by a jellium-based calculation by Liebsch 31 for monolayers of Na, K, and Cs on Al which showed the simultaneous existence of both the alkali metal as well as the Al related collective excitations. Compared to Al, one monolayer of alkali metals on Al was shown to attenuate the Al multipole plasmon without any shift in its frequency. 31 For adlayer coverages Ͼ2 ML's, the substrate Al multipole plasmon is almost fully suppressed due to the formation of the well defined charge-density plateau corresponding to the adlayer, which can sustain the fully grown adlayerrelated collective excitations. In Fig. 7 the area under the Al multipole plasmon peak as function of alkali metal coverage for ͑a͒ Na, ͑b͒ K, and ͑c͒ Li adlayers is plotted. We have fitted the Al multipole plasmon intensity ͑I͒ using the following exponential function
where z is the thickness of the layer in Angstroms and k 0 , k 1 , and k 2 are adjustable parameters. The thickness of the K, Na, and Li adlayers are taken to be 3.7, 2.99, and 2.47 Å, respectively, corresponding to the closed packed growth. Larger value of k 2 would imply a stronger damping of the Al multipole plasmon. From the fitting, we obtain the values of k 2 to be 0.35, 0.23, and 0.14 for K, Na, and Li, respectively. This implies that for the same adlayer thickness, the rate of suppression of the Al multipole plasmon systematically increases from Li to K. The explanation of this effect is probably related to the mechanism of the substrate multipole plasmon damping by the adlayer and further theoretical studies are required to explain this. The damping of the signal from the substrate is partly caused by the inelastic scattering of the photoemitted electrons from the substrate by the adlayer. This is related to the technique of measurement and can attenuate the Al multipole plasmon intensity. The intensity of the electrons emitted from near the Fermi level is measured in the experiment, which if inelastically scattered would occur as the secondary background at higher binding energies. However, the cross section of the inelastic scattering is small in these low photon energies ͑13 eV͒ which is manifested by a large mean free path ( m f p ) of about 15 Å. 51, 52 Since the inelastic scattering also leads to an exponential decay, its effect is shown ͑dashed curves in Fig. 7͒ by taking k 2 ϭ1/ m f p ϭ.067 in the above expression used for fitting, keeping the other parameters the same. As is evident from Fig. 7 , the attenuation rate FIG. 7 . Area under the Al͑111͒ multipole plasmon peak, plotted as a function of ͑a͒ Na, ͑b͒ K, and ͑c͒ Li adlayer coverage. The solid line is an exponential fit to the data, while the dashed line shows the photoelectron inelastic scattering related attenuation curve, assuming a mean free path of 15 Å.
of the Al multipole intensity is more gradual if only the inelastic scattering is considered, and the enhanced attenuation is caused by the damping of the Al multipole plasmon by presence of the adlayer charge density.
In order to understand the adlayer charge density-induced damping on another adlayer, we have studied the suppression of Na collective excitations as a function thickness of K adlayers deposited on a 2-ML-thick Na adlayer on Al͑111͒. The Na double layer sustains both the bulklike and the multipole plasmon in contrast to the bulk Al substrate. Thus, in this case, the effect of adlayer ͑K͒ growth on both excitations can be studied. Figure 8 shows a set of AERPY spectra with successive K deposition on a 2-ML Na layer grown on Al͑111͒. The Na layer exhibits well defined Na-related multipole and bulk-plasmon excitations. For 0.4-ML K coverage, although no extra features develop, both the Na bulk and multipole plasmons are suppressed in intensity by about 30%. The Na plasmons do not shift in frequency with K adlayer growth, as in the case of the Al multipole plasmon on alkali-metal deposition. By 0.8-ML K deposition, the AERPY line shape is drastically changed with further suppression of Na plasmons, and a broad intensity below 4 eV appears, corresponding to the K mixed plasmon response. At 1.2 ML's, the trend of Na plasmon attenuation and enhancement of K related signal continues. At 2 ML's, the Na plasmons are almost fully suppressed, while the K multipole and bulk-plasmon modes are clearly observed at 3.2 and 3.8 eV, respectively. The observation that only two monolayers of K almost completely suppress the Na plasmons cannot be explained only by the inelastic scattering of photoelectrons, which at this K coverage would account for only 13% intensity attenuation. This is because the mean free path increases sharply as the electron kinetic energy decreases below 10 eV and can be as large as 15 ML's ͑which is about 55 Å for the K adlayer͒ in the photon energy range of the Na collective excitations ͑ϳ6 eV͒. 51 Hence, if the inelastic scattering channel alone was responsible for the plasmon intensity decay with adlayer growth, the Na plasmon attenuation rate due to K adlayers would be much less than the Al plasmon attenuation by alkali-metal adlayers. It should be noted that the Na bulk plasmon is attenuated in a similar way as the Na multipole plasmon, showing that these modes are not decoupled.
C. Influence of adatom induced surface structures on collective excitations
Creating intermediate surface charge-density profiles through the formation of complicated surface structures may be used to study the dependence of collective excitations on the charge profile. The Al(111)-(ͱ3ϫͱ3)R30°:K surface structure is unique in this sense because a significant change in the surface structure and hence the electron charge-density profile at the surface is expected by just changing the substrate temperature. 41, 43 Since the surface collective excitations depend critically on charge-density profile, interesting modifications in the AERPY spectra may be expected in this system. At low coverages ͑⌰р0.15͒, the adlayer atoms occupy the threefold hollow sites and are uniformly distributed due to adsorbate-adsorbate repulsion. For increasing coverage, island formation occurs and the Al(111)-(ͱ3 ϫͱ3)R30°:K structure forms at ⌰ϭ0.33. 41, 43, 44 When the substrate is held at a temperature below 220 K, nonactivated adsorption takes place and the K atoms occupy the on-top sites. These on-top sites become energetically favorable because of the accompanying relaxation of the Al atoms in the first substrate layer. The Al atom beneath the on-top K atom moves down while the atoms between the on-top K atoms move upward, relative to the unrelaxed surface ͑Fig. 9͒. 43 This structure is henceforth referred to as the on-top ͱ3 structure. At room temperature, activated adsorption occurs and the K atoms occupy the substitutional sites, although the surface symmetry remains the same (ͱ3). In this substitutional structure, each K adatom replaces one Al atom from the substrate first layer ͑see Fig. 9͒ . However, because the K atom is larger than the Al atom, it sits more towards vacuum ͑higher z) than the substrate atom did. This surface structure is henceforth referred to as the substitutional ͱ3 structure. The on-top ͱ3 structure is metastable and once the adatom is in the substitutional site, even if the temperature is lowered it will remain there.
In the case of Na, deposition at room temperature leads to the formation of a Al(111)-(ͱ3ϫͱ3)R30°:Na phase at a coverage of ⌰ϭ0.33. Surface extended x-ray-absorption fine structure ͑EXAFS͒ as well as DFT-LDA calculations show that the Na atoms in this structure occupy sixfold coordinated substitutional sites. 38 An on-top ͱ3 structure for Na/ Al͑111͒ is not reported in the literature. However, the interesting aspect of this system is that around ⌰ϭ0.5, a ͑2ϫ2͒ structure is formed. 37, 40, 42 This is referred to as a surface alloy phase consisting of four layers ͑Na-Al-Na-Al͒, where the top three layers form a Na-Al-Na sandwich on the reconstructed Al fourth layer ͑see Fig. 1 For Al(111)-(ͱ3ϫͱ3)R30°:K, an interesting difference between the AERPY spectra for the substitutional and the on-top ͱ3 structures is the strong increase in intensity in the energy region of the K plasmons for the latter structure ͑Fig. 9͒. The spectrum smoothly increases in intensity from 4 eV until the work-function cutoff, but no distinct peaks corre- Since the origin of the multipole plasmon mode is intimately related to the nature of the ground-state chargedensity profile at the surface, we have calculated the laterally averaged charge-density profiles for clean Al͑111͒ and the ͱ3 structures ͑Fig. 10͒. These theoretical calculations are based on the self-consistent ab initio total-energy DFT-LDA method, the details of the calculation are described elsewhere. 41 The clean Al surface ͑dotted curve͒ shows a charge spillage at the surface which is generally observed for clean metals. In fact, the origin of the Al multipole plasmon is related to this smoothly varying density profile at the surface. 1 Compared to the clean surface, the substituted ͱ3 structure exhibits a clear step ͑about 67% of the total charge density͒ at the position of the first substrate layer. The origin of this step is not difficult to understand since, as discussed earlier, in this structure one-third of the Al atoms of the first substrate layer are replaced by K atoms. The electron density of K, which is less than Al by about a factor of 13, hardly contributes in this region. Instead, the K-related charge enhances the diffuse tail of the substrate charge density ͑Fig. 10͒. The on-top ͱ3 structure does not exhibit the step as in the substitutional structure because the K atoms do not disrupt the substrate first layer. The interesting difference in chargedensity profile between the two ͱ3 structures is that the ontop geometry has a stronger and more diffuse charge-density tail related to the K adlayer ͑see the inset of Fig. 10͒ . The difference between the two density profiles ͑dot-dashed curve in the inset of Fig. 10͒ clearly shows the excess charge in the on-top ͱ3 structure. The reason for this difference is related to the structural difference between the two as shown in Fig. 9 . In fact, this difference of the charge-density profile explains the enhanced intensity in the AERPY spectrum in the K plasmon region for the on-top structure compared to the substitutional structure. The ͱ3 structure with ⌰ϭ0.33 is similar in coverage to 1-ML K/Al͑111͒ ͑⌰ϭ0.45͒ and hence the 1-ML spectrum in Fig. 2 is similar to the on-top spectrum FIG. 9 . ͑Color͒ Comparison of the photoyield spectra between the substitutional and the on-top ͱ3 structures in Al(111)-(ͱ3ϫͱ3)R30°:K, exhibiting a strong increase in intensity in the ontop structure in the K plasmon region. A perspective view of both the structures are shown as inset. In the on-top structure, the Al atoms ͑yel-low͒ below the K ͑red͒ atoms are displaced towards the bulk and the Al ͑blue͒ atoms between the K atoms are displaced towards vacuum. In the substitutional structure, the K ͑red͒ atoms kick out the Al atoms beneath them and occupy their positions. The second Al layer is shown in green to distinguish from the first Al layer. in Fig. 9 . The intensity enhancement around 1 ML is due to the broadened adlayer related bulklike and the multipole plasmon modes which are mixed together and redshifted. These modes are not separately observed because the adlayer charge-density plateau is not wide enough. However, for less than 2-ML coverage, with increasing diffusivity and strength of the K-related charge-density profile, an increase in intensity of the mixed plasmon mode is observed. This is the reason for the enhancement of the intensity in the K plasmon region in the on-top structure compared to substitutional ͱ3 structure. The attenuation of the Al multipole plasmon intensity in the ͱ3 structures can be related to the adlayer-induced damping, as discussed in the previous section.
A significant modification of the surface charge density is expected for the ͑2ϫ2͒ surface alloy phase in Na/Al͑111͒. Hence the AERPY spectra for the different surface structures of Na/Al͑111͒ have been studied and the results are shown in Fig. 11 . An important observation is the absence of a shift in frequency of the Al multipole plasmon upon surface alloy formation. A similar result was obtained for the substitutional Al(100)-c(2ϫ2):Na surface alloy, where every second Al atom in the top layer is displaced by a Na atom. 16 No such shift was observed for the ͱ3 structures of K, Na, and Li either. Thus, for different alkali-metal adlayer-induced surface structures, the Al multipole plasmon frequency is unchanged. This finding is surprising because the alkali-metal electron density is much less than that of Al and a uniform dilution of the Al electron density by the alkali metals is expected to reduce the plasmon frequencies. In a recent TDLDA calculation on a rumpled Al͑100͒ surface ͑with no Na atoms present͒ which is intended to represent the Al͑100͒-͑2ϫ2͒-Na surface alloy, a redshift of about 2 eV as well as a substantial intensity enhancement of the Al multipole plasmon was obtained. 36 On the contrary, the present experimental data show neither any frequency shift nor any intensity enhancement of the Al multipole plasmon for different surface structures. The most plausible reason for the absence of a redshift of the Al multipole plasmon comes from the DFT-LDA calculations of the ground-state electronic structure. These calculations show that the Na-derived bands in the ͑2ϫ2͒ surface alloy phase are empty while the Al-derived bands are filled and more stabilized by surface alloy formation. 40, 53 Thus the simplified jellium picture of charge dilution by surface alloy formation does not hold and the excess electron due to Na deposition essentially fills up the Al band. The Al multipole plasmon for the clean surface thus remains essentially unaffected by surface alloying.
The laterally averaged ground-state charge-density profiles for the clean and the ͑2ϫ2͒-Na structure based on selfconsistent ab initio total-energy DFT-LDA calculations are shown in the inset of Fig. 11 . Details of the calculations can be found in Ref. 40 . The ͑2ϫ2͒-Na ͑right side profile in the inset of Fig. 11͒ exhibits a kink ͑A͒ and a narrow step ͑B͒ at about 70 and 30 % of the total charge density, respectively. Clean Al͑111͒, on the other hand, exhibits a smoothly decreasing charge density ͑left side profile in the inset of Fig. 9͒ .
No feature corresponding to the charge-density step ͑Fig.
10͒ in substitutional ͱ3 structure of K/Al͑111͒ is observed ͑Fig. 9͒. Similarly, for the step features ͑A and B͒ in the ͑2ϫ2͒-Na structure no new feature is observed in the AERPY spectrum ͑Fig. 11͒. Theoretical 32, 33 and present experimental data on smooth alkali-metal adlayers show that a sufficiently wide charge-density plateau ͑2 ML's, i.e., 5-6 Å͒ is required to set up the collective modes corresponding to the charge density of the plateau. 32, 33, 16 This ensures that the substrate-adlayer and the adlayer-vacuum interfaces are clearly separated. The steps observed in the above surface structures are not diffuse or wide enough to sustain a separate multipole plasmon mode at lower frequency. FIG. 11 . AERPY spectra for different surface structures on Na/Al͑111͒ including the Al͑111͒-͑2ϫ2͒:Na surface alloy phase. The inset shows the laterally averaged charge-density profile for the Al͑111͒ ͑left side͒ and the ͑2ϫ2͒ surface alloy ͑right side͒, calculated using ab initio DFT-LDA method.
The intensity of the Al multipole plasmon remains mostly unchanged up to the ͑2ϫ2͒ coverage in Na/Al͑111͒ ͑third spectrum from the bottom in Fig. 11͒ . The increase in intensity below 6 eV in the ͑2ϫ2͒ structure can be related to Na mixed plasmon modes, as in case of K. However, on further Na deposition, the ͑2ϫ2͒ spots get fainter which indicates that the next layer of Na on the surface alloy phase does not grow in an ordered way. Only when this extra layer of Na starts growing on the ͑2ϫ2͒ structure, one can observe the supression of the Al multipole plasmon intensity and the growth of the Na related multipole and the bulk plasmon clearly, as in the case of smooth adlayer growth at low temperature. This trend continues until the coverage where very faint ͑2ϫ2͒ spots were observed, beyond which the AERPY spectra remained unchanged indicating that no further Na is sticking to the surface at room temperature. For the K/Al system, deposition of K on the on-top Al(111)-(ͱ3 ϫͱ3)R30°:K structure also results in clearly separated multipole and bulklike plasmon modes as shown in Fig. 2 where the 1-ML coverage spectrum has the on-top ͱ3 structure.
IV. CONCLUSION
Our comprehensive study of the photon-excited collective modes in alkali-metal adlayers as well as the effect of the adlayers on the substrate Al͑111͒ collective excitations shows that:
͑1͒ Both the multipole and the standing-wave-like bulk plasmon modes are sustained by the Na and K adlayers, in good agreement with realistic as well as jellium based TDLDA calculations. 32, 33 Detailed comparison with theory ͑Fig. 3͒ shows, however, that ͑i͒ the FWHM is underestimated by TDLDA, 33 which is probably because of electron scattering by defects and steps on a real surface, or damping due to interband transitions which are not considered in the theory. ͑ii͒ The plasmon frequency is over-estimated by 0.5 eV by the theory and this can be attributed to polarization of core electrons which tend to screen the plasmon oscillations.
͑2͒ We find that the adlayer related plasmon modes appear not before the buildup of the second alkali-metal adlayer.
͑3͒ Both bulk and multipole plasmon frequencies exhibit a blue shift up to about 5 ML's, and for thicker coverages a redshift is observed. While the redshift can be explained by the dispersion of the bulklike plasmon with wave vector q, the blue shift is attributed to the smooth density profiles at the interfaces.
͑4͒ The frequency of the multipole plasmon is related to the bulk-plasmon frequency. For the different free-electron metals ͑Na, K, and Al͒ studied here, our results show that the multipole plasmon occurs around 0.85 p , independent of the electron density.
͑5͒ The width of the adlayer bulk plasmon decreases while the multipole plasmon width increases with coverage.
͑6͒ With increasing alkali-metal coverage, the bulk plasmon is suppressed in intensity due to decrease in coupling between the adlayer-vacuum and the substrate-adlayer interfaces.
The substrate Al multipole plasmon intensity is exponentially attenuated by adlayer growth, and this shown to be due to the damping of the substrate mode by the adlayer charge density. Damping of Na adlayer bulk and multipole plasmon by K adlayer growth reconfirms this effect. For Ͼ2-ML adlayer coverage, the substrate multipole plasmon, though diminished in intensity, is observed. This is probably because in the photon energy region where the Al multipole plasmon is excited, the Na ͑K͒ adlayers are transparent. The existence of the Al multipole plasmon even for 2 ML's of adlayer coverage indicates that the multipole plasmon can also exist at the substrate-adlayer interface.
In the case of the complicated adlayer induced surface structures, a relation between the diffusivity of the adlayerrelated charge-density profile and the intensity of the collective excitation modes is established. The Al multipole plasmon does not shift in frequency indicating the inadequacy of the simple concept of charge dilution in the surface alloys. The charge-density profile, calculated by the ab initio DFT-LDA method, exhibits stepslike features at lower electron density which, however, are unable to sustain distinct collective excitations probably because they are not diffuse enough. For Al(111)-(ͱ3ϫͱ3)R30°:K, a strong increase in intensity in the energy region of the K plasmons is observed in the on-top structure ͑Fig. 9͒. This enhancement is attributed to a mixed plasmon mode. Growth of an extra alkali-metal layer on the surface structures ͑2ϫ2 and ͱ3) results in the appearance of alkali-metal-related collective excitations and the attenuation of the Al multipole.
The existing TDLDA based theory in the frequency region of alkali-metal plasmons is in good agreement with the experimental results for smooth adlayers. However, although there are some experimental studies on the clean Al surface, hardly any theoretical results are available for the higher frequency Al multipole region addressing the mechanism of the substrate collective excitation damping as a function of the adlayer growth. For the adlayer induced surface structures on Al͑111͒, there is no theoretical work which quantitatively predicts the nature of collective excitations. It is hoped that the present experimental results will simulate further theoretical studies in these directions.
